Abstract: A free space vortex light generator is designed based on the diffraction of an optical Bessel beam. The Bessel beam propagating in a single mode fiber is modulated by a helical phase disk designed at the fiber end and gradually evolves to vortex light in free space. The properties of the generator such as operation wavelength range, polarization sensitivity, and fabrication tolerance are analyzed using finite-difference time-domain software. With the inherent advantage of the "nondiffraction" feature of the Bessel beam naturally obtained from an optical fiber, the proposed fiber vortex light generator would have potential applications in high-resolution imaging, particle trapping, manipulation, and so on.
Introduction
Vortex light, also known as photonic quantum vortex, is the light twisting like a corkscrew around its axis [1] - [5] . Research on the properties of light vortices has thrived since the publication of a paper by John Nye and Michael Berry in 1974, describing the basic properties of "dislocations in wave trains" [2] . One of the most important parameter of a vortex light is the topological charge which can be an integer or fraction, with positive or negative sign depending on the direction of the light twist [3] , [4] . The number of the topological charge describes how many twists the light does in one wavelength [1] , [4] . The higher the number of the topological charge is, the faster the light spins around the axis. Vortex light carries Orbital Angular Momentums (OAM) [4] and has attracted great attention due to its potential applications in super resolution imaging [5] - [7] , particle manipulation [8] , [9] , high capacity optical communication [10] - [13] and quantum computing [14] , [15] . For example, in optical microscopy, to enhance the spatial resolution, the vortex light with donut like intensity distribution has been employed to deplete the fluorophores around the observation area so as to shrink the area of the fluorescence excited by a Gaussian beam at another wavelength [5] . Also with the donut like intensity profile the vortex light has been applied to trap micro-and nano-particles at its high intensity ring, and by its angular momentum the small particles have been rotated [8] , [9] . Moreover, vortex light helps improve the capacity of the optical communication from a new degree of freedom which is beyond conventional multiplexing techniques, e.g. 2.4 Tbit/s per wavelength channel and 2.5 Tbit/s per wavelength channel have been reported soon after the use of the OAM in optical communication link [16] .
On the other hand, due to "non-diffraction" feature the Bessel beams and quasi-Bessel beams have attracted lots of attentions [17] - [21] and also have been used in high resolution imaging with similar operation principle to the vortex light [6] , [7] . In particle trapping and atomic optics, the non-diffraction feature of the Bessel beams confines the particle in a tunnel whose diameter does not varies along the beam propagation direction [17] , [22] . Based on multi-ring structure the ability to confine both high and low refractive index particles using a Bessel beam is possible [23] - [25] . Low index particles are confined in the dark rings while high index particles are confined in the bright rings, which cannot be achieved with Gaussian beams.
The vortex light and Bessel beam have their own unique advantages and vortex light generated from Bessel beam would inherently possesses both the advantages, and could attract great interest. Light sources with Bessel beam profile are commonly generated using diffractive optics [17] , spatial light modulators (SLM) [26] , transmissive axicons [27] , holographic techniques [28] , and so on. In this paper, we present a new way of generating the free space vortex light by diffraction of a Bessel beam inside an optical single mode fiber with a helical phase disk designed at the fiber end. Previously we have used similar phase disk structure to convert optical fiber LP mode to OAM mode propagating in few mode fiber [30] , while in this work we demonstrate the converted vortex light has unique properties when propagating in free space. As optical light confined in the single mode fiber is natural Bessel beam, many complicated free space optical components to generate the Bessel beams can be avoided. And our scheme does not need optical components for the light beam alignment, splitting, focusing etc which are required in free space optics to adjust the complicated optical path. Moreover, the fiber based vortex light generator is stable compared with that by free space optics where any minor change of a component will affect the overall performance of the system.
Principle and Design of the Fiber-Based Free Space Vortex Light Generator
The proposed free space vortex light generator is made at a single mode fiber (SMF) end by fabricating a phase disk which is made up of many coaxial rings, as shown in Fig. 1(a) . The width of the rings increases linearly together with the azimuth angle and the maximum width is designed to be smaller than the operating wavelength according to the effective medium theory. Therefore, the effective refractive index at the SMF end will change linearly with azimuth angle [29] . The wavefront of the transmitted light is modulated by the phase disk so as to covert the fundamental fiber mode H E 11 to the free space vortex light, as shown in Fig. 1(b) . Quasi-diffractionless free space vortex light is thus generated at the end of SMF. This vortex light generation process can be viewed as diffraction of a Bessel beam in SMF when it is passing through the phase disk, as shown in Fig. 1(c) . Note that we use "quasi-diffractionless" to describe the vortex light generated from Bessel beam since the diffraction of Bessel beam is much smaller than that of other types of beams. Actually the ideal zeroth-order Bessel beam is diffractionless when it is of infinite transverse extent and carries infinite amount of energy [32] .
In a circular symmetrical step-index optical fiber, the fiber modes are described with different orders of Bessel functions. The electrical field distribution of the fundamental mode, i.e. H E 11 mode, at fiber cross section (r , θ) is [31] :
where J 0 is the zero-order Bessel function of the first kind, K 0 is the zero-order modified Bessel function of the second kind, a is the fiber core radius, U and W are dimensionless model parameters, A and B are constants.
To generate the vortex light from H E 11 mode, a phase disk is introduced at the fiber end. The wavefront of the light passing through the phase disk is linearly modulated along azimuth angle. In order to generate a vortex light with integer number of topological charge, the phase change of total 360°azimuth angle should be an integer number of 2π. So at the output plane of the phase disk, i.e. z = 0, the H E 11 mode is converted to be:
where l is the number of topological charge. The phase disk acts as the device for diffraction and the diffracted field at the location (ρ, ϕ, z) can be written mathematically in cylindrical coordinate as:
The vortex light with topological charge order of one can be obtained when set l with 1. When a linearly polarized light passes through the helical phase disk and propagates to free space, the angular momentum of the light increases and its optical field distribution changes accordingly. With the increase of the propagation distance, the waist radius of the generated vortex light will gradually expand. To show the quasi-diffractionless property of the proposed vortex light generated from Bessel beam, we compare it with the one from Gaussian beam. The vortex beam with topological charge one diffracted from a Gaussian beam can be described as [33] :
where w 0 is the waist radius and q = 2z/kw 0 2 . When referring to the non-diffraction feature of a Bessel beam, it usually means the size of the dark central core does not change along its propagation direction, which is important in many applications such as high resolution imaging and light tweezers [17] . For comparison the size of the dark central core is defined as the radius where the optical intensity reduces to 1/e of its maximum value of the first bright ring. Based on Eq. 3 and Eq. 4, Fig. 2 plots the size of the dark central core versus propagation distance for the vortex light generated form Bessel beam and Gaussian beam, respectively. To give a fair comparison, the waist position and radius of the Gaussian beam are set to be z = 0 and 0.9 μm, which results in the same radius of the dark central core at z = 0 for both the vortex light generated from Bessel and Gaussian beams. We can see from Fig. 2 that the radius of the dark central core at z = 0 is 0.3 μm for both Bessel and Gaussian beams and it increases almost linearly within a short propagation distance. However, the radius of Bessel beam generated vortex light increases remarkably slower compared with that of Gaussian beam generated vortex light. At the propagation distance of 150 μm, the radius for Bessel and Gaussian beams generated vortex light are 3 μm and 14.2 μm respectively, which indicates the quasi-diffractionless property of the generated vortex light by our proposed fiber-based generator.
The phase disk is designed based on the effective medium theory: the effective refractive index of a composite material is the weighted sum of refractive index of the constituents that form the medium [29] . Similar to our previous work [30] , the phase disk is made up of many coaxial rings whose width increases linearly with the azimuthal angle, as shown in Fig. 3(a) . The material of the rings is chosen to be silica to match with the optical fiber in order to decrease Fresnel reflection. The gaps between the rings are filled with air. Thus the ratio between silica and air of the phase disk is linearly changing which results in the linear change of effective refractive index along the azimuth angle. The parameters of the rings are given as follows:
where ω is the azimuth angle, W is the maximum width of each helical ring at ω = 2π and W m (ω) is the width of the m-th ring counted from the center at azimuth angle of ω, R i nner m (ω) and R outer m (ω) are the inner and outer radius of m-th ring, h is the height of each ring, l is the targeting number of topological charge to be achieved, λ is the operating wavelength, n si li ca and n ai r are the refractive index of the silica and air, respectively. According to the effective medium theory, the effective refractive index of the helical phase disk at azimuth angle of ω can be expressed as [29] :
Note that as the polarization of the input light is not known we do not use the linear combination of TE and TM polarizations to calculate the effective refractive index [34] . Instead we use Eq. 6 for the calculation which is verified to be valid in the following result showing polarization-insensitivity of our design. Fig. 3(b) depicts the linear relationship between the effective refractive index of the phase disk and the azimuth angle based on Eq. 6. To generate a vortex light with topological charge order of l = 1, the phase difference between the azimuth angle at ω = 0 − and ω = 0 + should be 2π, which is realized by controlling the height h in Eq. 5 (0 − and 0 + means to approach 0 from the negative and positive side, respectively). The height of the phase disk is set to be uniform everywhere to make the fabrication easily.
Simulation and Analysis
The performances of the proposed vortex light generator are evaluated through simulation using Lumerical 3D FDTD software. The uniform mesh grid is set to be 0.1 μm in the three dimensional rectangular coordinate system. The diameters of the fiber core and cladding are set to be 10 μm and 25 μm, and the corresponding refractive index are 1.45 and 1.44, respectively. n si li ca in the phase disk is 1,44. The cladding size is set so as to make sure the simulation region is large enough to get a reasonable result and save the computing memory. The operating wavelength is set at λ = 1550 nm. The height of the phase disk rings h is 3.523 μm to produce the vortex light with topological charge of 1. According to the effective medium theory, the maximum width W is set to be small enough (0.25 μm unless specified elsewhere) compared to the operating wavelength [29] . The light source in the simulation has a fundamental mode H E 11 in the optical fiber. As the H E 11 mode passes though the phase disk and propagates in free space, its wavefront is modulated and then evaluated in free space.
In order to quantitatively evaluate the performance of the proposed vortex light generator, the parameter of beam purity is introduced, which is the correlation coefficient between the vortex light generated by the proposed vortex light generator and the mathematically calculated vortex light based on Eq. (3). Beam purity P l is given by the following expression: H votex B essel are the electric and magnetic fields of the mathematically calculated vortex light, and E l and H l are the electric and magnetic fields of the generated vortex light by FDTD simulation using the proposed generator. For simplify, we use the correlation between the electrical fields to replace that of the electromagnetic fields expressed in free space: Fig. 4(a)-(f) shows the evolution of electrical field and phase distribution of the vortex light when it is propagating in free space using FDTD simulation and mathematical calculation, respectively. The maximum field intensity at the propagation distance of zero is set to be 1 as reference, and the field intensity is normalized according to this. The size of the subcomponent in the phase disk is designed as small as possible according to effective medium theory, however the size cannot be infinitely small which is limited by memory cost in simulation and the fabrication cost, so the generated vortex light is not perfect. Fig. 4(g) shows the evolution of the purity P l along the propagation distance in free space. The purity P l describes how close the simulated vortex light is to the mathematically calculated one. In Fig. 4 (g) P l increases fast within the initial 100 μm distance and reaches nearly 90% and then becomes almost stable. This agrees well with the fact that the Bessel beam has a fascinating ability of reconstruction [35] , and thus it can recover to Bessel beam again within a short propagation distance. The purity increases significantly because the undesired beam due to the unsmooth phase disk has larger diffraction angle and would expand faster until out of the simulation region within a short propagation distance. It is worth mentioning that an exponential curve fits well the trend of purity growth especially at larger propagation distance. However, we have not got exact theoretical reason to explain the exponential fitting yet, we put this phenomenon in this paper and hope to enlighten the researchers in this field. In the following part of the paper, we choose the field data at the propagation distance of 100 μm for further analysis.
The polarization characteristics of the generator is studied by changing the polarization angle of the H E 11 mode from 0 to π. The simulation result is shown in Fig. 5 . The purity of the generated vortex light with l = 1 maintains around 90% at the propagation distance of 100 μm in free space and only has little fluctuation for different polarizations, which implies polarization insensitive property of the proposed generator.
The purity degradation due to the wavelength mismatch is also investigated and the results are shown in Fig. 6 . The target operation wavelength is 1550 nm when the height is set to be 3.523 μm for l = 1 according to Eq. 5. Fig. 6(a) plots the normalized electrical field profile and the corresponding phase distribution of the generated vortex light at wavelength of 1550 nm (the maximum purity) and 1300 nm (about 90% of the maximum purity), respectively. The deterioration of the vortex light is obvious when the working wavelength deviates from the target value (1550 nm). Thus the deviation from the target operation wavelength leads to a decrease of the purity, as shown in Fig. 6(b) . The bandwidth for the purity falling to 90% of the maximum value is 610 nm, which shows a wide working bandwidth for superior performance in many applications.
In fact there would be a certain range of fabrication error during the fabrication process which will affect the purity of the generator. Different height of the phase disk h has been used for simulation to evaluate the fabrication tolerance while other parameters are kept the same as the simulation in Fig. 4 . The height tolerance is defined as h = (3.523 μm − h act ), where 3.523 μm is the target value of the disk height and h act is the actual height value used in each simulation. The result is given in Fig. 7 , indicating that the purity decreases gradually when the height of the helical phase disk deviates from the target value. The range of the height deviation for purity falling to 90% of the maximum value is from −1 μm to 0.65 μm which shows large fabrication tolerance to the height of the phase disk.
In order to satisfy the condition for the effective medium theory, W at azimuth angle ω = 2π is set to be 0.25 μm, which is much smaller than the operating wavelength. However, it results in the challenge on the fabrication due to the small dimension. Here we study the effect of various width values of the helical rings in the phase disk. The normalized electrical field profile and the corresponding phase distribution of the generated vortex light are shown in Fig. 8(a) , when the value of W is 0.25 μm (maximum purity) and 1.5 μm (90% of the maximum purity), respectively. When the width is away from the defined value of 0.25 μm, the deterioration of the generated vortex light is clear. By gradually changing the width while fixing the wavelength at 1550 nm and the height at 3.523 μm, we obtain the purity as a function of width shown in Fig. 8(b) . As width W gradually increases, the size of the silica rings or the air gap becomes larger than the wavelength, which violates the basic condition of the effective medium theory [29] . Thus the purity decreases as the width increases. In order to keep the high purity, W should be less than 1.5 μm.
For the above results, the target topological order of the structure is 1. However, due to the unsmooth structure, limited mesh grid size and limited simulation region, the purity of the generated vortex light is around 90%, and the remaining 10% consists of vortex light with other orders and various kinds of stray light. Fig. 9(a) shows the proportion of the vortex light with different topological charge orders derived from Eq. 8 when the the target topological order is set to be l = 1, 2 and 3, respectively. Fig. 9(b)-(d) are the normalized electrical field and the phase distribution for the corresponding target topological order. Take the target topological order l = 1 as an example: the intensity proportion of vortex light with order of 1 is at least 73 dB larger than that of intensity proportion with other topological charge orders, which indicates good quality of the proposed generator. In Fig. 9 (a) we also include the results when the target topological order is l = 2 and 3. In order to generate higher-order vortex light, the height of the phase disk should be increased according to Eq. 5 and it should be doubled or tripled when the target topological order is l = 2 or l = 3. When the target topological order is 2, the intensity proportion of vortex light with order of 2 is at least 30 dB larger than that of other topological charge orders. This value is lower compared with the result of the vortex light generator with target order l = 1. And it becomes even lower when target topological charge order is l = 3. The reason of this is obvious: when the height of the phase disk becomes larger for higher-order vortex light generator, the condition of the effective medium theory is difficult to be satisfied.
Conclusion
A fiber-based free space vortex light generator is proposed and designed based on the diffraction of the fundamental H E 11 mode by the phase disk at the end of optical fiber. After modulated by the phase disk, the generated vortex light requires to propagate at least 100 μm in free space to get stabilized. At a propagation distance of 150 μm in free space, the Bessel beam generated vortex light has a dark central core with radius of only 3 μm, compared with 14.2 μm radius for Gaussian beam generated vortex light. The quasi-diffractionless feature of the Bessel beam generated vortex light has been demonstrated, indicating much smaller diffraction than that of the Gaussian beam generated vortex light. The performance of the vortex light generator is evaluated by FDTD simulation where the operating wavelength range, polarization sensitivity and fabrication tolerance are characterized by using the beam purity. The simulation results show our proposed free space vortex light generator has good quality and can find applications in high solution imaging, OAM communications and so on.
